Introduction
To date, the manipulation of gene expression for the analysis of gene function in plants has largely been carried out via stable Agrobacterium-mediated transformation protocols. However, the use of mutagenesis approaches, either in isolation or in combination with TILLING, has also provided considerable advances in our understanding of gene function (Xin et al., 2008; Dong et al., 2009; Gady et al., 2009; Perry et al., 2009 and Chawade et al., 2010) . More recently, the rapid increase in the availability of entire genome sequences has led to the development of faster yet reliable strategies for reverse genetics. Transient VIGS is a powerful tool for this purpose and considerably less time-consuming than classical stable transformation approaches (Burch-Smith et al., 2004; Lu et al., 2003) . This technique has proven to be useful for gene functional characterization in several plant organs including leaves (Liu et al., 2002) , roots (Ryu et al., 2004) , tubers (Faivre-Rampant et al., 2004) , flowers (Chen et al., 2004; Liu et al., 2004 ) and more recently, tomato fruits (Fu et al., 2005; Orzaez et al., 2006; 2009) . Moreover, VIGS simplifies biological assays since several replicates can be obtained from a single plant instead of the one-plant-one-biological-replicate sampling system required for stable transformants. Furthermore, depending on the gene under study, this transient technique can avoid complexities associated with the silencing of essential genes via stable transformation, especially in the case of those involved in vital cell processes. The reason for this is that, similar to inducible transgene expression systems (see for example Junker et al., 2003) , VIGS manipulation can potentially be triggered at any stage in which the system can be used. However, given that the induced silencing may present an irregular dispersion displaying a patchy or "sectored" distribution, the development of a visible marker associated with silencing is essential for the identification and further quantification of non-visual phenotypes (Bursh-Smith et al., 2006) . For an efficient VIGS system, such a visible marker should neither dramatically affect the biochemical nor the developmental networks underlying the processes under study. This is especially important in cases where such processes comprises rapid and dramatic changes in metabolism or development which could be evident in relatively narrow time windows, such as those which occur continually during the development and ripening of tomato (Solanum lycopersicum) fruits (Carrari and Fernie 2006; Carrari et al., 2006) . In addition to its nutritional importance for the human diet, this species has become a model for physiological studies of fleshy fruits and, over the last years, several reports have identified a number of candidate genes associated with metabolic pathways underlying different fruit quality traits (Tieman et al., 2006; Schauer et al., 2006; Stevens et al., 2007; Bermúdez et al., 2008) .
To date, relatively few reporter genes, including the encoding phytoene desaturase (pds) enzyme, have been tested in tomato VIGS experiments (Fu et al., 2005; Orzaez et al., 2006) . Most recently, Orzaez et al. (2009) proposed a VIGS system for tomato based on purple fruit-producing transgenic plants via the ectopic expression 4A). Although the target gene expression was also dramatically reduced in the gfp-based system, the size of silenced plants was not altered ( Figure 4B ). These results reveal that the silencing signal spreads and replicates efficiently in both tomato fruits and Arabidopsis leaves for the gfp transgene. The same is true for the endogenous pds gene as has been previously demonstrated by Bursh-Smith et al. (2006) in Arabidopsis and Orzaez et al. (2006) in tomato. Moreover, they are indicative of impairment on the normal growth of Arabidopsis plants when the endogenous pds gene is silenced.
Assessment of metabolic changes associated with the gfp-based VIGS system
Having demonstrated that the VIGS system was equally efficient with both reporter genes in terms of the silencing percentage, we next turned our attention to assessing the impact of the GFP constitutive expression, and its subsequent suppression by VIGS, on the metabolism of the treated tissues. The metabolite compositions of both the tomato fruit pericarp in two developmental stages (MG and ripe) and expanded Arabidopsis leaves were analyzed by applying a combination of HPLC and GC-MS techniques (Lisec et al., 2006) . Analyses of targeted metabolite profiles resulted in the detection and relative quantification of 52, 56 and 59 different compounds of defined chemical structures in MG and ripe tomato pericarp and Arabidopsis leaves, respectively.
These metabolites correspond to amino acids and nitrogen compounds, organic acids, sugars and alcohols, lipids and a few phosphorylated intermediates and terpenoids, thus giving broad coverage of metabolism.
Firstly, we compared the relative amounts of every metabolite between the two tomato lines (GFP#5 and GFP#6) and detected no significant differences (data not shown). Thus, for subsequent analyses, metabolite profile data from 4-6 plants from these two lines were pooled to increase the power of the tests 
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Metabolic changes associated with the silencing of the endogenous pds gene.
To evaluate the impact of the pds gene silencing on metabolism, the variations detected in each metabolite were analyzed from wild-type plants infiltrated with pTRV2-pds versus wild-type plants infiltrated with MES buffer.
As may be expected, the silencing of the endogenous pds gene altered terpenoid levels in tomato fruits as well as in Arabidopsis leaves. Moreover, Arabidopsis photosynthetic tissues displayed a completely altered metabolite profile, whereby a decrease in the level of all pigments measured correlated well with the dramatic depletion in almost all sugars and organic acids. Of particular note is the large excess of asparagine, which is considered a marker molecule for carbon starvation (Lam et al. 1996; Supplemental Table S3 ). However, with regard to all other metabolites measured, pds silencing displayed only a mild effect on tomato fruit metabolism in comparison to that observed in photosynthetic Arabidopsis tissues. Putrescine and citrate contents decreased dramatically in MG tomatoes, whilst chlorogenate and galactinol displayed significant increases. In ripe fruits, glucuronate content dropped significantly whilst maltose and glycerol-3P displayed significant increases (Supplemental Table S1 , S2 and S3, column 6). As might be expected, in both ripening stages, the pigment contents and also the levels of γ -tocopherol in the case of the ripe fruits were as a result significantly altered.
Sample separation by PCA allowed the discrimination of fruits harvested from wild-type plants from those harvested from pds-silenced plants. This was true for both MG and ripe tomatoes, where the first three dimensions of the analysis explain 72 and 64.8 % of the data variance, respectively ( Figure 6 A and B). When PCA was applied to metabolite profiling data from Arabidopsis leaves it clearly revealed that pds-silenced plants were different from wild-type ones ( Figure 6C ).
Gfp and GOI co-silencing experiments
In order to prove the utility of the gfp-based VIGS system described above in reverse genetic studies, focused on genes operating in metabolic processes in tomato fruits, we next performed an experiment wherein a 380-bp fragment of the gfp coding region was fused to a 351-bp fragment of the tomato gene encoding a plastidial Figure 7C ). However, when the total pool of tocopherol was considered, no significant changes were observed in γ -tmt silenced fruits.
Discussion
Although the use of the VIGS system approach has facilitated the elucidation of gene function in a handful of plant species (Page et al., 2004; Manning et al., 2006; Lin et al., 2007; Oikawa et al., 2007; Ballester et al., 2009; Ye et al., 2009) , one of the main constraints to its broader application is the irregular distribution of silencing across target tissues. This phenomenon thus requires the use of easily traceable marker genes which have no, or at least only a controlled impact on the process under study, especially in cases wherein metabolism is the major focus of interest. The motivation of the present report was to identify a marker gene that would ultimately, once silenced, have only minor consequences on the metabolism of the target tissue. That said in choosing a GFPbased reporter system this approach will be equally applicable in studies of plant development. In this report, however, we concentrated on testing the hypothesis regarding metabolism. In order to do so we established a VIGS system based on the expression of the exogenous gfp gene and evaluated its impact on metabolism by comparison with the silencing of the pds gene in both photosynthetic and sink organs. Trangenic plants expressing the exogenous GFP protein constitutively and a very early delivery of silencing vectors in inflorescence peduncles by agroinjection allowed establishing a VIGS system for the study of genes involved in tomato fruit metabolism. Moreover, we proved the feasibility of the system by co-silencing the gfp-marker gene along with one of the key genes that determines the types of tocochromanols which considerably accumulate in tomato pericarp and represent a key target for metabolic engineering within plants (Collakova and DellaPenna, 2003a; 2003b) .
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The gfp-based system assayed here showed comparable efficiency levels to other systems using endogenous genes as silencing markers in tomato fruits (Fu et al., 2005; Orzaez et al., 2006) . Moreover, silenced sectors were readily identified with a hand-held UV lamp. This was also valid for Arabidopsis leaves, as previously demonstrated by Burch-Smith et al. (2006) .
A number of genes with significant effects on fruit characters are expressed early in tomato fruit development (Fridman et al., 2004; Mounet et al., 2009; Xiao et al., 2008; Wang et al., 2009 ). Moreover, a compendium of candidate genes related to metabolic pathways important for nutritional traits has been recently reported (Bermudez et al., 2008) and several papers reporting quantitative trait loci for volatile organic compounds of known relevance to taste have been published (Zanor et al., 2009; Tieman et al., 2006; Schijlen et al., 2006) . Thus, the VIGS system presented here was established in order to trigger silencing as early in fruit development as possible by infiltrating the peduncles of inflorescence at pre-anthesis stage. Results demonstrated that the silencing phenotype can be visually detected from 22 days-post-anthesis until fruit ripening ( Figure 2B ), thus affording a highly versatile system which is capable of evaluating the role of a gene across the entire lifespan of the fruit. Such a long-term evaluation has not been possible utilizing previously reported strategies. Direct infiltration into young fruits was also tested and although silencing was successfully triggered as previously reported (Fu et al., 2005; Orzaez et al., 2006) , phenotypes associated with wounding and pathogen defense were apparent (data not shown). Thus, we decided to discard this strategy since we believed it could produce undesirable pleiotropic effects on metabolism (and/or development) and unnecessarily complicate experimental interpretation (Hammond-Kosack and Jones 1996).
Recently, Orzaez et al. (2009) reported the establishment of an elegant reporter system for VIGS in tomato fruits based on anthocyanin accumulation induced by endogenous ethylene. The ectopic expression of two transcription factors, Rosea1 and Delila, under the ripening-induced E8 promoter, resulted in the up-regulation of the anthocyanin biosynthesis enzymes pathway leading to a gradual accumulation of pigments after the MG stage, finally resulting in a purple phenotype. Co-silencing the transcription factors, together with the gene of interest, reverses the purple phenotype, thus allowing the identification of the silenced region. This system is attractive for testing genes exclusively active after the triggering of fruit ripening. However, it is quite conceivable that the activation of anthocyanin metabolism may alter either or both of primary and secondary metabolisms in adjacent silenced fruit areas, thus potentially rendering the constructs inappropriate for testing certain genes of interest.
In this sense, the PCA results which does not reveal the number and extend of significant changes but only the major variances, clearly showed that the silencing of the pds gene has an impact on the metabolism of the
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Conclusions
The results presented in this work show that the gfp-based VIGS system functions properly both in tomato fruits and Arabidopsis leaves. Moreover, agroinjection in tomato inflorescence peduncles allowed the recovery of silenced fruits from very early stages of development. A comprehensive metabolite profiling of the silenced tissues allowed us to propose that choosing a silencing system should consider not only its efficiency but also possible side effects on the metabolism and development of the targeted tissues. The gfp-based system has no effects on the primary carbon metabolism of photosynthetic tissues in contrast to the widely used pdsmarker gene. In fruit it is particularly important to note that the absence of changes in pigmentation in the control lines would greatly simplify interpretation of studies focused on understanding the essential role of pigment biosynthesis during ripening from that possible using previously reported approaches (Fernandez et al., 2009; Hueso Estornell et al., 2009 ). However, must be note that this system can be proposed as a good alternative for some tissues, but caution should be taken in using a set of proper controls (i.e. a GFP expressing plants infiltrated with MES buffer or with a pTRV2-empty vector) when analyzing primary metabolism in tomatoes harvested at a more mature developmental stage. Here, we demonstrate the utility of this approach both by downregulating the pds gene in Arabidopsis and tomato as well as silencing experiments targeting the tomato γ-tmt gene clearly demonstrated the feasibility of this system to be applied in metabolic studies in tomato fruits. When taken together alongside previous demonstrations of the efficacy of the co-incidence of expression of gfp and gene silencing via VIGS (Burch-Smith et al., 2006; Orzaez et al., 2009 ), our results demonstrate the power of such approaches as a tool for addressing the roles of various pathways of primary metabolism and carotenoid biosynthesis. Moreover, the fact that the agroinjection of tomato inflorescence peduncles allows recovery of silenced tissues from very early during fruit development, assures that the pathway(s) under analysis can be followed under strict spatio-temporal regulation. The application of this system to test candidate regulatory genes would likely be exceptionally useful in the confirmation of candidate genes identified in forward genetic screens of this important crop species (Schauer et al., 2006; 2008; Do et al., 2010; Maloney et al., 2010) .
Material and Methods
Plant materials and growth conditions
Tomato seeds (Solanum lycopesicum L. cv Moneymaker, MM) were obtained from Meyer Beck (Berlin). For VIGS experiments, pTRV1 and pTRV2-empty, pTRV2-pds (Liu et al., 2002) , pTRV2-gfp or pTRV2-gfp380-γ−tmt were introduced into Agrobacterium tumefaciens strain GV3101. A 5-mL culture was grown overnight at 28 °C in 50 mg/L gentamycin and 50 mg/L kanamycin in LB medium and used to inoculate 50 mL of LB medium containing the same antibiotics. After an overnight culture at 28 °C, the cells were harvested by centrifugation and re-suspended in infiltration media (10 mM MgCl 2 , 10 mM MES, and 200 mM acetosyringone), adjusted to an OD600 of 1.5 for Arabidopsis and 1.0 for tomato, and left at room temperature for 3 to 4 h. Equivalent aliquots of GV3101-pTRV1 and -pTRV2 were mixed immediately before inoculation (Liu et al., 2002) . Arabidopsis plants with two-four leaves were agro-infiltrated as previously described by Burch-Smith et al. (2006) . One week pre-anthesis inflorescence peduncles of eight-week-old tomato plants were Table S1 . Relative metabolite contents in MG tomatoes infiltrated with MES, pTRV2-empty, pTRV2gfp and pTRV2pds. Table S2 . Relative metabolite contents in ripe tomatoes infiltrated with MES, pTRV2-empty, pTRV2gfp and pTRV2pds. Table S3 . Relative metabolite contents in Arabidopsis leaves infiltrated with MES, pTRV2-empty, pTRV2gfp
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and pTRV2pds. 
gfp
. GC-MS and HPLC metabolite profile data from MG and ripe tomatoes, and from Arabidopsis leaves subjected to PCA models. Raw data were collected from: wild type tomatoes or Arabidopsis plants infiltrated with MES buffer (green circles), GFP#5, GFP#6 or C-GFPpbin#3 Arabidopsis plants infiltrated with MES buffer (blue circles) and GFP#5, GFP#6 or C-GFPpbin#3 plants infiltrated with pTRV1/pTRV2 (magenta circles). 
